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High efficiency filters are frequently in-
stalled in series to provide large reductions in
the manber of particles in the airstream. However,
there is little information on filter performance
with respect to size characteristics of the air-
borne particles. This information is frequently
required when filters ~re used for contamination
control involving specific materials. Contamina-
tion control requirements are varied and may be re-
lated to particle number, or the mass or number of
particles in a specific size range. The efficient
design of a satisfactory system requires informa-
tion on performance with respect to aerosol charac-
teristics.

Filtration theory is not sufficiently developed
to predict the performance of high efficiency fil-
ttrs. Theory is sufficiently developed to indicate
performance trends. Thus, theory may be combined
with performance data to provide insight into the
probable performance with respect to aerosol
characteristics,

The theoretical model used to investigate the
performance of high efficiency partic late air
(HEPA) filters is described by DaviesY in ~ tom.
prehensive review of filtration work up to 1973.
The aerosol characteristics that are related to
filter performance are particle size and particle
density. This model incorporates both of these
parameters and covers the size range of maximum
penetration.

Filtration is a canplex process involving a
number of mechanisms. On a theoretical basis the
mechanisms are treated individually, or at best two
mechanism are considered simultaneously. There is
some justification for considerirlgthe mchanism
independent; as one mechanism frequently predomi-
nates for a given par’,lclesize or set of filter
operating conditions. However, this procedure is
probably not valid in the range of minimum effi-
ciency as several collection mechanisms are of com-
parable importance in this size
cle size r13ngeof minimum effic
principle intert?stin character
ante of air cleaning systems as
mininum In performance. navies
sunrnationof four mechfinismsto
filtration efficiency. Three o
independm,t:diffusion, intercel
imPaction. The fourth nmchanisl

range, The parti-
enc,yis also of
ring the perform
it defines the
recrmsnendsthe
determirw!overall
th? mechanisms are

tion, and inertial
considers the in-

creased collection due to interaction of diffusion
and interception, Thtiefficiency expressiorv for
●ach mech n s were developed by Stechkina, Kirsch,
and Fuchs~,~l~ wi~h som rmdiflcations recom-
mended by Davies.

Several assumptions were necessary in the de-
velopment of the model #nd In application of the
~del to HCPA filters. “Theseassumptions will con-
tribut~ errors in the prediction of efficiency mag-
nitude, However, the .ssumption% should have mini-
mal effect on determining th~ rP;dtiOrSShilM betwepn
the important parameters or on th~ characteristics
of efficiency curvu>.

The theoretical model uses
cribed by Kuwabara for paralle’

the flow fi,ld d,?s-
cylinders.! Fig-

ure 1 is a scanning electron micrograph of a HEPA
filter mat indicating the rando+narrangement of the
fibers. However, a large fraction of the flow may
be similar to the model as over most of the fiber
length the near neighboring fibers are approxi-
mately pa?allel.

Application of the nmdel requires the use of
sore representative fim?r diameter to rel?te indi-
vidual fiber efficiency to the performance of a
fiber mat. The fiber diameter used for this nwdel
is the arithmetic average diameter determined by
n@asuring the fibers from scanning electron micro-
scope photomicrographs. The length of fiber in
unit volum of filter was then determined using the
average fiber diameter and the porosity of the fil-
ter mat. The porosity of the filter mat was deter-
mined by weighing pieces cut from iJfilter, wasur-
ing the pieces to determine volum and calculating
porosity, assuming ? bulk density of 2.6. It is
difficult to estimate the result of using this
average diameter on the prediction of overall fil-
ter efficiency. Filtration theory ir,dicatesthat
smaller fibers are nmre efficient collectors.
Possibly some weight should be applied to this fact
rather than use of the average diameter when the
representative fiber diama?teris defined. At this
time there is little information available on what
type of weighting should be used to select a repre-
sent~tive diameter.

The paranmters used with the nmdel to calculate
filtration efficiency are listed in Table 1, The
normal ambient variations in temperature, pressure,
and viscosity would not alter the results sicjnifi-
cantly, Thp approach velocity, defined as the to-
tal flow divided by filtration area, was selected
because it is the velocity encountered when HEPA

Figure 1. Scanning rlectron microscnpc photograph
of H[PA filter mmtia,



TABLE Io

PAMJETERS USED TO CALOJLATE HEPA FILTER EFFICIENCY

Ftlter fiber diameter 0.49 microns
Filter porosity 0.038
Filter thickness 0.089 cm
Approach velocity 5.0 Cmls
viscosity 181.5 micropoises
Temperature 22°C
Barometric pressure 760 nsnIlg

filters are operating at flow capacity. HEPA fil-
ters are frequently operated at flw rates below
capacity, which would result in scmx?differences in
col-lectionefficiency.

The results of the calculations made with this
model are shown in Figure 2 for aerosol particles
of four densities. The penetrations shown in
Figure 2 are considerably higher than are normally
measured with HEPA filters. Hwever, the shape of
the cu v’; are similar to experimental penetration
curvesF and the decrease in penetration with in-
creasing partirle den ity is also consistent with
experirmntal results.i The particle size of
minimun efficiency and the percent penetration
values are listed in Table 11.

The high collection efficiency of HEPA filters
had resulted in limited data on collection effi-
ciency as a function of particle size. The recent
availability of single Oarticle aerosol spectrom-
eters provides an instrument that can size

part!cles from the low concentrations
dwnstream of HEPA filters. The size
by the spectrcmter has also provid d
in the range of minimum efficiency.9

encountered
range covered
information
This data

is shown ii Figure 3 in terms of the protection
factor or the inverse of the fractional penetra-
tion. The solid line in Figure 3 is given by a
second order regression fic to the data poi~ts.
These points are for one filter challenged by a
dioctyl ohthalate (OOP) aerosol. The regression
curve indicates that for unit density particles and
normal filter operation conditions, the si?e of
maximum penetration for this filter was 0.21 um.

The regression curve may be utilized to ncrma-
lize the theoretical curves shwn in Fiqure 2.
Figure 4 shows the theoretical curves normalized to
the same peak efficiency (Table 11) as the regres-
sion curve for unit density particles. The shape
of the theoretical curves and regression curve are
somewhat different. This is probably the result of
using a second order regression fit to the data and
because the data covered a narrow Earticle size
range (0.075 t? 0.3 urn). Hnwever, for investigat-
ing the characte~istics of performance by succes-
sive stages of HEPA filters, this difference is not
significant. The normalized theoretical efficiency
curves may now be used to estimate the performance
C? itwltiplestagel ~f HEPA filters against a
variety of aerosols.

Table ]11 gives the penetration results for
four different aerosols. Thes~ results were deter-
mined by (1) dividing the aerosol into ’30 size
intervals, ~2) determining the mass and number

rlgurc 2, Theoretical flltrtitioneffir{errcyof HIPA ?iltI’rs,



TABLE II
\

PARTICLE SIZE W MAXIMIM PENETRATION ANO PERCENT PENETRATIoN

Particle Particle Size of Percent Penetration _
Dens 1ty 14axlmum Penetration

JW!L (Microns) Davies Model Normal Ized——

0.50 0.16 4.69 8.46E-3
0.15 4.3b 7.87E-3

M 0.14 3.46 6.26E-3
7.00 0.12 2.47 4.46E-3

0.12 ;.;; 3.92E-3
J:% 0.11 . 3.45E-3

Flgurc 3. Experimental protection factors for HEPA filter challenged with unit density liuuid aerosol
pa~ticles.
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TABLE 111

PENETRATION THROUGH TWO STAGES OF

Stage One Penetration
?iumber Mass

%
0.000287
0.001260
0.000010
0.w0160

aCount mdian diameter (microns).
bGeomtric standard deviation.
cDensity (grams per cubic cm).

in the interv.s?,(3) determinii,y tile

x
<0.00000013

0.00002050
<0.00000013

0.00000039

average filtration efficiency over the intervai
using th~ curves from Figure 4, (4) determining the
number and mass fraction Penetrating in each inter-
val, and (5) suwnlnq over the intervals to deter-
mine effic~ency. Thn numbw and mass efficiencies
in Table 111 illustrate thv wide vari~tion in ponr-
tration between stage one and ttaq~ two. The a~ro-
SO1 penetrating the first stage is enrlchcd In the
particle sizes for which th~ collection efficiency
is lowest. Thus, with respect to number, the effi-
ciency varied frcanfour times lower to an order of
magnitude lower. The variation with respect to
mass penetration is greater although the mass pene-
tration is significantly lower than number Denetrd-
tion, The variation is more apparent when ex-
pressed in terms of the protection factor. The
prutectiun factors determine frcwnthe shinedata
ark listed in Table IV, The protection factor will
always be greater than the value ~dSUrCd at the

size OT minimum efficiency. The stage two protec-
tion factor is approaching this minimum value. The
measured protection fartor is for unit density par-
ticlasand would n~t be as large for less dense
particles.

T’leresult< shown in Tables III @nd IV are
based on the protection factor measurements of only
one HE~A filter. T.ICactual value of these numbers
should not be generalized to predict performance.
The numbers do illustrate the effect of using suc-
cessive stages of filtration and the errors that
moy re%ult% whpn comparing different tyPe5 of effi-
ciency data, i.e., mass efficiency to number effi-
ciency. A reliable design of contamination control
with HEPA filters requires that the material to be
controlled be well Characterized with reSPOi.t to

particle ;ize distribution findd(?nsity. Fi!tcr
performance data thai is pertinent to the desired
control should also b~ used. If the desired con-
trol is with resp~ct to partl:lr number as with
sw viable aerosols, then number data should bQ
uspd. Th@ sanw is also tru~ whrn contairmmnt con.
trol is related to material mass.

The above considerations relatt? only to tho
pnrformancc of tht?filtration me{ila. In practical
applications, th~ entire $vstem Including filta?r
munting s~5t@ms, lcisks,and nirflow chdrac-
teristits must also be considered.

The $inqle prnrticl~aero$t)lspa?ctronwteru$wi
to carry out th@ prot~ction factor measuremmts is

HEPA FILTERS

Stage Two Penetration

Number Mass

%. %

0.00388 <0.0000008
0.00501 0.0026100
0.00204 <0.0000008
0.00216 0.0000074

essentially a zero background counting device and
can be used to m?asure the efficiency of two stages
of filters with respect to particle number and
size, Measurements carried out on two stages of
HEPA filters generally support the drop in effi-
ci~nry n ted between stage one and two in this
Study.ss7
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TABLE IV

Challenge
Aerosol

Cmoa ~
k—

To 2.0 1.0
0.5 2.0 1.0
1.0 2.0 11.0
0.5 2.0 11.0

PROTECTION FACTORS PROV1OEO BY TANOEM HEPA FILTERS

Protection Factors
Stage One Stage Two ComblnatJUL.

Number Mass Number Mass Number l%ss
—— —— ——
3.48E5 >7.69E8 2.58E4 >1.25E8 8.9BE9
7.94E4

>9.6E12
4.8W6 2.00E4 3.83E4 1.59E9 1.87E11

5.26E6 >7.69E8 4.90E4 >1.25:8 ;.;;~;; >~.6E12
6.21E5 2.56E6 4.63E4 6.99E7 . 1.8E12

%ount med~ameter (microns).
bGeo~tr\c standard deviation.
coensity (grams per cubic cm).


